Rhizobium leguminosarum metabolizes sugars via the Entner-Doudoroff and pentose phosphate pathways but does not have a functional Embden-Meyerhof pathway. Although some sugar catabolizing enzymes are constitutive, activities of the 'Entner-Doudoroff enzymes vary with the carbon source. Bacteroids have complete pathways for sugar catabolism even though the specific activities of some enzymes, e.g., glucokinase, are lower than in free-living cells. Tn5-induced mutants lacking glucokinase, fructokinase and pyruvate dehydrogenase have been isolated. Although these mutants are unable to utilize sugars, they all nodulate peas and fix N,. The capacity to utilize particular C, and CI2 sugars is apparently not essential for bacteroid development or the establishment of effective N2 fixation.
INTRODUCTION
In the Rhizobium-legume symbiotic association it has been suggested that the supply of carbon via photosynthesis from the plant may limit N2 fixation (Hardy, 1977; Pate, 1977) . The carbon metabolism of N2-fixing bacteroids is therefore important to an understanding of an effective symbiotic association. Despite this, there are few studies on carbon metabolism in R h izo hiurn.
The literature on pathways of sugar catabolism in Rhizobium is limited and confused. Jordan (1962) suggested that rhizobia possess the Embden-Meyerhof and pentose phosphate pathways. However, Mulongoy & Elkan (1977) reported that R. japonicum lacked the pentose phosphate pathway.
It has been shown in R. phaseoli and R. meliloti (Katznelson, 1955) , R. japonicum (Keele et al., 1970) and R. trifolii (Ronson & Primrose, 1979 ) that the Entner-Doudoroff pathway is present. Mulongoy & Elkan (1977) reported that both the Entner-Doudoroff and Embden-Meyerhof pathways exist in R. japonicum, whereas Ronson & Primrose (1979) failed to detect phosphofructokinase and suggested that the glycolytic pathway may not exist in R. trifolii.
Legume nodules contain large quantities of sucrose and lower concentrations of glucose and fructose (Streeter, 1980) . One approach to assess whether sugars are essential for fuelling symbiotic rhizobia is to use mutants defective in sugar utilization. Ronson & Primrose (1979) found that glucose-or fructose-negative mutants of R. trifolii were able to nodulate and fix N2. However, Duncan (1981) reported that a fructokinase mutant of R. meliloti nodulated but was unable to fix NZ.
Previous work from this laboratory has shown that sugar transport and oxidation is constitutive in R. leguminosarum Glenn & Dilworth, 1981 a,b; a/., 1984), whereas isolated bacteroids are unable to transport sugars. We have now extended these studies of rhizobial carbon metabolism to look at specific activities of sugar catabolic enzymes in chemostat-grown laboratory cultures and bacteroids. In addition, we present data on the symbiotic behaviour of Tn5-induced mutants defective in the ability to utilize various sugars.
M E T H O D S
Organism. Rhizobium leguminosarum 300 is a prototrophic strain described by Johnston & Beringer (1975) which effectively nodulates peas (Pisum sariuum L. cv. Greenfeast). Mutants derived from this strain are shown in Table 1 .
Media. Bacteria were grown in batch culture at 28 "C on the minimal salts medium of Brown & Dilworth (1975) with NH: ( 1 0 m~) as the nitrogen source, phosphate at 0 . 3 m~, and carbon substrates at 1 O m~ (apart from glycerol which was at 20 mM). Media were buffered with 40 mM-HEPES, pH 7.2. The tryptone-yeast extract (TY) medium has been described by Beringer (1974) .
Continuous culture. The medium for continuous cultures was similar to that for batch cultures but contained only 20 mM-HEPES, pH 7-2, and a limiting concentration of phosphate (0.08 mM). The chemostat had a working volume of 400 ml and was operated at a dilution rate of 0.1 h-at 28 "C.
' Mutant isolation. Mutants defective in sugar metabolism (Table 1) were isolated by Tn5 mutagenesis at 28 "C as described by Beringer er al. (1978) . Revertants were selected by plating lo8 cells on sugar minimal salts agar plates.
Transduction. Growth of bacteriophage RL38 on donor strains and transduction of recipient strains were carried out as described by Buchanan-Wollaston (1979) , except that strain MNF3070 was grown on TY medium rather than a sucrose medium. Transducing lysates were used at concentrations of 109-10L0 p.f.u. ml-' and were not irradiated.
Growth rates. Mean generation times were determined by growth in liquid culture, samples being removed at intervals, diluted 1 : 3 in distilled water and the absorbance at 600nm recorded.
Nodulation tests. Mutant strains of R. leguminosarum were tested on peas as described by Beringer (1 974). Nitrogenfixation. The acetylene reduction procedure of Trinick et al. (1976) as described by Glenn & Brewin (1981) was used to assess the capacity of various strains to fix N2 in association with peas.
Analytical methods. Protein was determined by the Lowry method using bovine serum albumin as a standard. Pyruvate was assayed as the 2,4-dinitrophenylhydrazone as described by Lynch et al. (1975) .
Enzyme assays. Cell-free extracts were prepared by growing bacteria at 28 "C in batch culture to an A600 of approximately 0.8 or in chemostat culture (Aboo = approximately 0-6), centrifuging 200ml at 22 "C, washing the cells twice in 20 mwphosphate buffer, pH 7.6, and resuspending in 3 ml 20 mM-HEPES, pH 7.6, containing 2 mM-DTT. Cells were then broken at 4 "C in a French pressure cell (Paton Industries, Adelaide, S. Australia) at 69000 kPa and the supernatant was used in enzyme assays after centrifugation at 14000g for 20min at 4°C. Bacteroids were isolated as described by Glenn et al. (1980) and cell-free extracts were prepared as described for free-living cells.
Glucose dehydrogenase (EC 1.1.1.47), glucokinase (EC 2.7.1.2), glucose-6-phosphate dehydrogenase (EC 1 . 1 . 1.49), glucose-6-phosphate isomerase (EC 5.3.1.9), 6-phosphogluconate dehydrogenase (EC 1 . 1 . 1 .44) and phosphofructokinase (EC 2.7.1.1 1) were assayed using methods outlined by Lyncher al. (1975) . Fructokinase (EC 2.7.1.4) was measured with the glucokinase assay system of Lynch et al. (1975) , with fructose replacing glucose. The Entner-Doudoroff enzymes (6-phosphogluconate dehydratase, EC 4.2.1 .12, and 2-keto-3-deoxy-6-phosphogluconate aldolase, EC 4.1 .2.14), were measured as described by Ronson & Primrose (1979 t Strain 300 of Johnston & Beringer (1975) .
Phenotypic symbol : Kanr, kanamycin resistance on Tn5.
RESULTS AND DISCUSSION
Pathways of sugar catabolism in Rhizobium leguminosarum Strain MNF3841 grows on minimal salts-ammonium (Brown & Dilworth, 1975) plus glucose (10 mM) or fructose (10 m~) or sucrose (10 mM) with generation times of 3.3, 4.2 and 3-5 h, respectively. Previous work (Glenn & Dilworth, 1981 6 ) has shown that cells grown on a wide variety of carbon substrates have a substantial capacity to oxidize sugars. To investigate the pathways of sugar catabolism in this species, strain MNF3841 was grown in a phosphate-limited chemostat with glucose as the carbon source. Steady-state cells were harvested and cell-free extracts prepared as described in Methods.
Glucose and fructose were metabolized via the Entner-Doudoroff and pentose phosphate pathways. The 'Entner-Doudoroff enzymes (6-phosphogluconate dehydratase and 2-keto-3-deoxy-6-phosphogluconate aldolase) were present, as was 6-phosphogluconate dehydrogenase, characteristic of the pentose phosphate pathway ( Similar experiments carried out using MNF3841 grown on malate or fumarate showed that cells grown on these C,-dicarboxylic acids have 45-100% of the activity of glucose or fructose catabolic enzymes, apart from the 'Entner-Doudoroff enzymes, which are present at only 20-25 % of the level in glucose-grown cells. This suggests that there may be some regulation of the 'Entner-Doudoroff enzymes which is dependent on the growth substrate.
Isolated bacteroids of R . leguminosarum 3841 are incapable of transporting Glenn et al., 1984) or oxidizing (Glenn & Dilworth, 1981 6 ) glucose, fructose or sucrose. Since this loss of sugar-oxidizing capacity could reflect a specific event in bacteroid development , it was of importance to examine the activity of various sugar catabolic enzymes in cell-free extracts derived from bacteroids. Isolated bacteroids have a complete Entner-Doudoroff pathway with enzyme activities some 50% of those measured in cells grown on C,-dicarboxylic acids in laboratory culture. Similarly, the pentose phosphate pathway is potentially functional because of the presence of 6-phosphogluconate dehydrogenase. Like the laboratory cultures of this organism, bacteroids of MNF3841 lack phosphofructokinase and hence a functional Embden-Meyerhof path way.
There does not appear to be a loss of any of the enzymes involved in sugar metabolism and the apparent inability of isolated bacteroids to accumulate sugars may reside in some change in membrane uptake systems either in the nodule, or during bacteroid isolation. To examine the role of sugars in the establishment of nodulation and fixation, mutants defective in sugar catabolism were isolated.
Isolation and growth properties of sugar catabolism mutants
A number of Tn5-induced sugar mutants of R. leguminosarum MNF300 and MNF3841 were isolated at a frequency of 5 x per Tn5+ transconjugant using the procedure described by Beringer et al. (1978) . After purification, the mutants were tested for their capacity to grow on minimal media containing various carbon sources (all at 10 mM). The parent MNF300 strain and the str' derivative MNF3841 grew well on glycerol, fructose, glucose, sucrose, pyruvate and succinate with generation times of 3.8, 4.5, 3.3, 3.5, 3-4 and 3.9h, respectively. Strains MNF3850 and MNF3855 grew as well as the parent strain on most carbon sources except sucrose, on which they grew poorly (Glenn et al., 1983) , and fructose, on which they did not grow at all. Strain MNF3860 grew on all substrates except glucose at rates indistinguishable from MNF3841.
In liquid culture, MNF3070 grew well on succinate and arabinose (mean generation time of 3 h on both substrates). There was no growth at all on pyruvate, and on fructose, glucose and sucrose the cells were able to grow for about one generation, e.g., on glucose a generation time of 3.5 h and on fructose 5 h. Thereafter there was a very slow increase in turbidity giving an apparent mean generation time in excess of 21 h. On glycerol the organism had a generation time of over 17 h. The biphasic growth curve on glucose suggested that an intermediate may have accumulated and eventually slowed growth.
Millipore-filtered supernatants from cultures of MNF3070 incubated with glucose were tested for 26x0 acid accumulation by adding 2,4-dinitrophenylhydrazine. Chromatography of the resultant 2,44initrophenylhydrazones on Whatman no. 3 paper, using 1 % (w/v) aqueous Na2C03 as solvent (Hockenhull et al., 1953) , gave rise to two spots (yellow-green and red, respectively, after treatment with alcoholic NaOH) which co-chromatographed with authentic pyruvate 2,4dinitrophenylhydrazone. The maximum concentration of pyruvate achieved in glucose-grown cultures was 0.4 mM. We have been unable to establish any meaningful stoichiometry between glucose disappearance and pyruvate production because, although this strain is totally unable to grow on pyruvate, it is able to remove it from the medium. Further, the addition of pyruvate (1 0 m~) to arabinose (10 m~) or succinate (1 0 mM) in minimal salts medium had no effect on the growth rate so that the slow growth on sugars is unlikely to be due solely to high concentrations of extracellular pyruvate.
Transductwnal analysis of Tn.5-induced mutant strains
Phage RL38 (Buchanan-Wollaston, 1979) was grown on strains MNF3850 (str', frk, Kan'), MNF3860 (str', glk, Kan') and MNF3070 (str", pdh, Kan'). Lysates grown on MNF3850 and MNF3860 were used to transduce MNF300 (str") and a lysate grown on MNF3070 was used to transduce MNF3841 (str'). Selection in each case was for the Kan' donor marker, and all transductants were checked for the appropriate recipient str allele. Purified Kanr transductants were tested by replica plating for their co-inheritance of the donor nutritional phenotype. Each of 72 transductants thus tested for each of the donors MNF3850, MNF3860 and MNF3070 was found to have co-inherited the growth pattern of the respective transductional donor strain. In addition, three transductants of MNF3850 to an MNF300 recipient were tested for growth on sucrose, and for spontaneous reversion to fructose utilization. All three transductants were found to be indistinguishable from MNF3850 in these properties.
It was therefore concluded that in each of the strains MNF3850, MNF3860 and MNF3070 the mutant nutritional phenotype arose from a single insertion of Tn5 into, or very close to, the structural gene for the enzyme missing in that strain.
Enzyme levels in sugar mutants
Mutant strains were grown on glycerol (20 mM) or arabinose (1 0 m~) and cell-free extracts were prepared in order to assay sugar catabolic enzymes. Strains MNF3850 and 3855 both lacked fructokinase; all the other enzymes were present at levels comparable to the wild-type. Strain MNF3860 lacked glucokinase and strain MNF3070 lacked pyruvate dehydrogenase.
We are puzzled by the capacity of an apparent pyruvate dehydrogenase mutant to grow on succinate and arabinose at rates identical to the wild-type. Since acetyl CoA, necessary for the operation of the TCA cycle, cannot be formed via pyruvate dehydrogenase, it suggests either that an alternative mechanism for acetyl CoA-formation is available, or that the organisms normally operate on an incomplete TCA cycle in the free-living state.
Reversion frequency of Tn5-induced mutants
The reversion frequency of the Tn5-induced mutants was assessed by plating 5 x lo8 cells on to agar plates containing the carbon source(s) that a particular mutant was unable to utilize. A reversion frequency of approximately 2 x was obtained for MNF3850, MNF3855 and MNF3860. All revertants of these strains which were analysed (at least 24 for each strain) were found to have retained the kanamycin-resistance marker of Tn5. Similar patterns of reversion of Tn5-induced mutants have been found in R. meliloti (Meade et al., 1982) and Alcaligenes eutrophus (Srivastava et al., 1982) . However, loss of kanamycin resistance has been reported among a significant proportion of revertants of certain Tn5-induced mutants in Escherichia coli (Berg, 1977) , R . leguminosarum (Beringer et al., 1978) , R. meliloti (Duncan, 1981) and Erwinia chrysanthemi (Chatterjee et al., 1983) .
Strain MNF3070 yielded at least two classes of revertants, at different frequencies. Revertants which grew on sugars (glucose, fructose, sucrose) but not on pyruvate were obtained at a frequency of approximately 2 x These were all kanamycin-resistant and grew more slowly than MNF300 on each sugar. This class of revertants appeared to be heterogeneous with regard to the growth rates of different clones on single sugars. The locations of secondary mutations which gave rise to revertant phenotypes were not determined.
A revertant of MNF3070 which grew on sugars and pyruvate, and was indistinguishable from MNF300 in these properties was obtained at a frequency of 5 x This strain was kanamycin-sensitive and presumably arose by precise excision of Tn5 (Berg, 1977) .
Nodulatwn and N2 fixation characteristics of Tn5-induced mutants
All of the sugar-negative mutants formed red nodules in the flask nodulation system described by Beringer (1974) . Strains MNF3850 and 3855 were slightly delayed (4d or so) in the switch from white to red nodules; however, in other respects (nodule number, weight), the mutants were indistinguishable from the parental strain. When nodulated pea roots containing sugarnegative mutants were assessed for acetylene-dependent ethylene production 17 and 24d after inoculation, all were found to be capable of N, (C2H2) fixation (Table 3) .
To check that nodules contained the correct rhizobial strain, nodules (usually 100 or more) from plants inoculated 17 d previously with a particular strain were surface sterilized [0.1% (w/v) HgC12], washed with sterile water, squashed and inoculated on to a TY master plate. After incubation, the master plate was replicated on to plates containing different carbon sources or antibiotics. Results in Table 4 show that virtually all the nodules contained the mutant strain with which the plant was inoculated. About 1 % of the nodule squashes contained revertants. Enzyme levels in bacteroids of mutants To establish that the loss of a particular enzyme has no effect on the symbiosis it is essential to examine enzyme levels in bacteroids to ensure that there is no change in enzyme production. Pea plants were grown for 17 d after inoculation, bacteroids were isolated, and cell-free extracts were prepared as described in Methods.
The fructose-negative strains were completely lacking in fructokinase in the bacteroid. However, both the glucokinase and pyruvate dehydrogenase mutants showed a very low activity which we believe may be due to a plant contamination ( Table 5 ).
The data show that the capacity to utilize the common C6 and C1 sugars found in the nodule is not essential either for the establishment and maintenance of the nodule or for N2 fixation. The fact that single gene mutants in sugar phosphorylation nodulate normally and fix N2 does not of itself establish that glucose and fructose are not required by the bacteroid, since these sugars are essentially interconvertible. Strains where both glucose and fructose utilization are blocked are necessary to conclude that sugar catabolism is not required, as in the work of Ronson & Primrose (1979) for R. trifolii. To some extent, MNF3070 answers this need because it is clearly unable to make sustained growth on glucose, fructose or sucrose. That it too nodulates normally and fixes N2 indicates that sugar catabolism is not essential. This work was funded by the Australian Research Grants Scheme. We wish to thank Dr.N. Brewin for phage RL38.
